Mice that are ets variant gene 5 (ETV5) null (Etv5 À/À ) undergo the first wave of spermatogenesis but lose all spermatogonial stem cells (SSCs) during this time. The SSC loss in Etv5 À/À mice begins during the neonatal period, suggesting a role for ETV5 in SSC self-renewal during this period. Herein, we show that Etv5 mRNA was present in perinatal mouse testis and that ETV5 was expressed in fetal Sertoli cells and by germ cells and Sertoli cells during the neonatal period. Transplantation of Etv5 À/À germ cells failed to establish spermatogenesis in W/W v mice testes, indicating that germ cell ETV5 has a key role in establishment or self-renewal of transplanted SSCs. The SSC self-renewal is stimulated by glial cell-derived neurotrophic factor (GDNF) acting through the RET/GDNF family receptor alpha 1 (GFRA1) receptor complex in SSCs. Immunohistochemistry, quantitative PCR, and laser capture microdissection revealed decreased RET mRNA and protein expression in spermatogonia of neonatal Etv5 À/À mice by Postnatal Days 4-8, indicating that disrupted GDNF/RET/GFRA1 signaling may occur before initial spermatogonial stem/progenitor cell decrease. Etv5 À/À spermatogonia had reduced proliferation in vivo and in vitro. Decreased cell proliferation may cause the observed decreases in the number of type A spermatogonia (Postnatal Day 17) and daily sperm production (Postnatal Day 30) in Etv5 À/À mice, indicating quantitative impairments in the first wave of spermatogenesis. In conclusion, ETV5 is expressed beginning in fetal Sertoli cells and can potentially have effects on neonatal Sertoli cells and germ cells. In addition, ETV5 has critical effects on neonatal spermatogonial proliferation, which may involve impaired signaling through the RET receptor.
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INTRODUCTION
The regulation of spermatogonial stem cell (SSC) maintenance, self-renewal, and differentiation is critical for normal spermatogenesis and has significant clinical applicability in understanding some types of infertility. These cells also have the potential to generate somatic tissues [1, 2] that can potentially be used therapeutically, further emphasizing the importance of understanding SSC regulation.
During spermatogenesis, germ cell production is maintained by the self-renewal and differentiation of SSCs. These cells are located along the basement membrane of the seminiferous tubule and are surrounded by Sertoli cells, the somatic cells of the seminiferous epithelium. Together with the basement membrane, Sertoli cells form the stem cell niche by providing physical support for the SSCs and produce factors essential for SSC maintenance [3] [4] [5] .
Recent investigations using mice with targeted disruption of the transcription factor ets variant gene 5 (ETV5; also known as ets-related molecule, or ERM) have shown that this molecule is involved in testicular SSC maintenance [6] . ETV5 knockout (Etv5 À/À ) mice undergo a first wave of spermatogenesis during juvenile life that appears normal. However, by the end of the first week of neonatal life, Etv5 À/À mice have decreased glial cell-derived neurotrophic factor (GDNF) family receptor alpha 1 (GFRA1)-positive spermatogonia compared with controls, indicating reductions in spermatogonial stem/progenitor cells [7] . This decrease progresses during juvenile life, eventually resulting in total loss of SSCs and a Sertoli cell-only phenotype [6] in the adult seminiferous tubules. Although the first wave of spermatogenesis in Etv5 À/À mice appears to be morphologically normal [6] , a thorough analysis assessing the efficiency of this process has not been performed.
In recent years, valuable insights have been gained into factors that regulate SSC maintenance and self-renewal. GDNF, a distant member of the transforming growth factor b family, is secreted by Sertoli cells. GDNF signals through the receptor tyrosine kinase RET present on spermatogonial stem/ progenitor cells [8] and requires a ligand-specific coreceptor, GFRA1, which is anchored to the plasma membrane [9] [10] [11] . RET signaling causes the secondary activation of important signaling pathways essential for SSC self-renewal [12, 13] . Loss of any of the components of the GDNF/RET/GFRA1 signaling pathway results in loss of SSCs [8, 14] . These in vivo studies were corroborated by in vitro data demonstrating the importance of this pathway for SSC self-renewal [12, 15] .
Sertoli cells of Etv5
À/À mice express GDNF at a level equal to that of wild-type (WT) mice [6] , indicating that ETV5 does not directly or indirectly regulate GDNF. However, the phenotypic similarities between mice lacking ETV5 or GNDF suggest the possibility of overlap or commonality in their downstream mechanisms of action.
Analysis of expression of ETV5 mRNA and protein indicated that ETV5 was strongly expressed in Sertoli cells beginning at 3-4 wk onward and persisting in adults [6] . Subsequent work [16, 17] indicated that ETV5 was also produced by SSCs. We have recently determined that, although initial development of the Etv5 À/À testis is normal with no differences in the number of GFRA1-positive spermatogonia at Postnatal Day 4 compared with that in WT testes, all spermatogonial stem/progenitor cells are lost by age 5 wk [7] . The initiation of SSC loss in Etv5 À/À mice by Postnatal Week 1 strongly suggests that ETV5 is produced during fetal and neonatal periods and has an important role in establishment and proliferation of SSCs during this time frame.
The objectives of this study were to investigate the expression and mechanism of action of ETV5 in neonatal WT testes. Our results indicate that ETV5 expression begins in fetal Sertoli cells and neonatal gonocytes of the germ cell lineage. Furthermore, loss of ETV5 results in decreased RET expression with possible inhibition of downstream GDNF/ RET/GFRA1 signaling. This may be one of the mechanisms by which loss of ETV5 disrupts SSC self-renewal, leading to a quantitative decrease in the number of germ cells during the first wave of spermatogenesis and ultimate loss of all SSCs.
MATERIALS AND METHODS

Animal Care and Husbandry
129Sv/Ev WT mice were bred and maintained in our mouse colony as previously described [7] . Etv5 À/À mice on a 129Sv/Ev background [6] were produced by breeding Etv5 þ/À mice, and the pups were genotyped as described earlier [7] . All were housed at 258C with a 12L:12D photoperiod and were given water and a standard rodent diet ad libitum. All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Illinois and conducted in accord with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
RNA Isolation and Real-Time PCR
Total RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA) according to the manufacturer's protocols. The concentration and purity of RNA were estimated using a Gene Quant Pro spectrophotometer (Amersham Biosciences, Uppsala, Sweden) before analytical procedures were performed. First-strand cDNA was synthesized from total RNA (1 lg) using Superscript RT and random primers (Invitrogen, Carlsbad, CA). Real-time PCR was performed with the ABI Prism 7000 Sequence detection system using validated ABI Taqman gene expression assays (Applied Biosystems, Foster City, CA). The expression value of each gene was normalized to the amount of an internal control gene (18S ribosomal RNA) cDNA to calculate a relative amount of RNA in each sample. The expression value of each gene in a WT control was arbitrarily defined as 1 U. All assays were carried out in triplicate for each target mRNA, and the normalized expression values for all control and treated samples were averaged. A relative quantitative fold change was determined using the qqCt method (ABI Chemistry Guide No. 4330019). ABI Taqman gene expression assays used for specific transcripts were Mm00465816_m1 (Etv5) and Mm00436304_m1 (Ret).
Immunohistochemistry for ETV5, RET, and MKI67
Testes were fixed in 10% (v/v) neutral buffered formalin. After fixation, tissues were embedded in paraffin, sectioned at 5 lm, and mounted on glass slides. Tissue sections were deparaffinized in xylene, rehydrated through a graded series of ethanol, and washed with distilled water. Endogenous peroxidase activity was blocked, and antigen retrieval was performed as described previously [18] .
For ETV5 immunohistochemistry, sections were blocked with 10% normal goat serum for 30 min, followed by incubation with the primary antibody (ETV5 3H7 hamster monoclonal clone 7; Dr. K. Murphy, Washington University, St. Louis, MO) at 48C overnight, rinsed in PBS, and incubated with goat anti-hamster biotinylated secondary antibody at room temperature for 60 min. Slides were rinsed again and incubated for 30 min with avidin-biotinperoxidase complex staining system (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA) and then stained with 3,3 0 -diaminobenzidine and counterstained with hematoxylin (Sigma-Aldrich, St. Louis, MO).
For RET immunohistochemistry, the slides were washed with PBS and incubated for 30 min in 10% (v/v) normal rabbit serum. After serum block, the sections were incubated for 1.5 h with anti-RET (1:100, goat polyclonal; Neuromics, Bloomington, MN). The sections were washed with PBS and incubated for 1 h with biotinylated anti-goat antibody (Vector Laboratories). Labeling was visualized by incubation with horseradish peroxidase-streptavidin (Zymed Laboratories, San Francisco, CA) for 30 min, followed by immersion in 3-amino-9-ethylcarbazole solution (Zymed Laboratories); slides were then counterstained with hematoxylin and mounted.
Immunohistochemistry for MKI67 was performed using a mouse antihuman monoclonal IgG to human MKI67 (1:1000; BD Transduction Laboratories, Lexington, KY) and biotinylated anti-mouse antibody (Vector Laboratories) as described previously [18] . Microscopic images were obtained digitally using a ProgResC3 camera (Jenoptik, Jena, Germany) and compiled using Adobe Photoshop (Adobe Systems, San Jose, CA).
Determination of Spermatogonial Proliferation In Vivo
To assess early spermatogonial proliferation in WT and Etv5 À/À mice, 8-day-old mice testes (n ¼ 4 for WT and n ¼ 3 for Etv5 À/À ) were embedded in paraffin, and 2-4 pairs of serial 3-lm sections were stained for RET, which is expressed at high levels in spermatogonial stem/progenitor cells [8, 19] , and for a cell proliferation marker, MKI67. Following immunostaining, tissues were counterstained with Mayer hematoxylin. The percentage of proliferating type A spermatogonia was determined as the number of cells per testis serially costained with MKI67 and RET divided by the total number of RET-positive cells (56-100 cells were counted per animal).
Enrichment of Spermatogonial Stem/Progenitor Cells
For each experiment, spermatogonial stem/progenitor cells were isolated from the testes of 4-to 5-day-old WT and Etv5 À/À mice (n ¼ 4 for each group). Testes were decapsulated, and Leydig cells and peritubular myoid cells were eliminated by a two-step enzymatic digestion [12] . Briefly, testes were suspended in Dulbecco modified Eagle medium (DMEM)/F12 media containing collagenase (1.5 mg/ml) and DNase (1 lg/ml) and then incubated at 338C for 10 min in a shaking water bath at 100 cycles/min. After three washes in DMEM/F12, seminiferous cord fragments, devoid of Leydig cells and other interstitial cells, were incubated in this medium containing collagenase (1.5 mg/ml), hyaluronidase (1.5 mg/ml), trypsin (0.5 mg/ml), and DNase (1 lg/ml) for 20 min under the conditions already described. All tissue culture reagents were obtained from Hyclone/Fisher Scientific, Pittsburgh, PA, and enzymes were from Sigma-Aldrich. Dispersed cells (Sertoli cells, peritubular myoid cells, and germ cells) were washed twice and then incubated in DMEM/F12 containing 10% fetal calf serum (FCS) for 4 h at 338C for differential plating [12, 20] . Differential plating was done by seeding the mixed population at a concentration of 1 3 10 5 cells/cm 2 in FCS-coated 35-mmdiameter culture dishes or 24-well plates (both from Invitrogen). Sertoli cells and myoid cells attached to the culture plates. The spermatogonia remained in suspension and were collected and washed in DMEM/F12 before culturing. Purity of the spermatogonial population was evaluated by staining for VASA and was 70%-80%.
Culture of Spermatogonial Stem/Progenitor Cells
After enrichment, single-cell suspensions from WT and Etv5 À/À testes were plated in microtiter wells (1 or 2 3 10 4 cells/well) and cultured in triplicate in minimal media (DMEM/F12 with 10% Nu serum; Fisher Scientific, Pittsburgh, PA) alone or in this media with 50 ng/ml rat GDNF (R & D Systems, Minneapolis, MN), or with 50 ng/ml rat GDNF, 300 ng/ml rat GFRA1-Fc fusion protein (R & D Systems), and 1 ng/ml human FGF2 (BD Biosciences/ Pharmingen, San Diego, CA) [15] . To eliminate residual adherent somatic cells, after 3 days of culture spermatogonia were gently flushed, carefully removed from the wells, and replated in new wells containing fresh media and growth factors. To allow controlled conditions, no feeder layers were used [12] . The spermatogonia were cultured for another 3 days and then observed in phasecontrast microscopy, and the number of colonies (i.e., groups of .10 cells) was counted [12] . The results were expressed as the number of colonies obtained per 2 3 10 4 cells seeded and represented the means of triplicate repetitions (five separate experiments).
Donor Cell Preparation
Testes were harvested from 5-day-old Etv5 À/À or WT littermate pups. Testes were decapsulated and digested in DMEM containing 0.05 mg/ml DNase I, 0.25 mg/ml trypsin, and 0.5 mg/ml collagenase type IV (all from Sigma-Aldrich) for 30 min at 378C with pipette mixing every 10 min. Cells were allowed to settle for 10 min on ice, supernatant was removed, and fresh digestion media were added. Cells were incubated at 378C for 15 min with pipette mixing every 5 min and were centrifuged at 500 3 g for 4 min; the supernatant was removed, and the pellet was resuspended in DMEM containing 0.3 mg/ml soybean trypsin inhibitor (Sigma-Aldrich). Cells were centrifuged and washed thrice in DMEM before counting and resuspension in DMEM at 8.6 3 10 6 cells/ml. Cells were kept on ice until transplanted. One part trypan blue (0.04%) was added to nine parts cell suspension before each transplant to aid visualization.
Testicular Transplants
Recipient mice were 54-day-old W/W v mice (Jackson Laboratories, Bar Harbor, ME). W/W v mice have mutations in both Kit alleles. Endogenous germ cells are thus unable to respond to stem cell factor produced by Sertoli cells, and these mice lack spermatogenesis, despite having normal Sertoli cells [21] . This lack of endogenous spermatogenesis allows the W/W v to serve as hosts for germ cell transplantation, as any spermatogenesis observed is due to transplanted germ cells [22] . Recipient mice were anesthetized, and approximately 7 ll of a single-cell suspension of WT (n ¼ 6 testes) or Etv5 À/À (n ¼ 10 testes) was infused into the seminiferous tubules of each testis via the efferent ductules [21] . Sixty days after transplantation, testes were perfusion fixed with cold 10% (v/v) neutral buffered formalin and then embedded in paraffin. Blocks were serially sectioned at 5 lm with every 10-15 sections evaluated (30-40 sections/half testis). All tubules within a section were evaluated. Slides were stained with periodic acid-Schiff (PAS)-hematoxylin and evaluated for the presence or absence of spermatogenesis.
Tissue Collection and Cryopreservation for Laser Capture Microdissection
Testes from 5-day-old WT and Etv5 À/À mice (n ¼ 6 for each) were embedded in embedding compound (Tissue-Tek, Torrance, CA) and stored at À808C. Frozen tissue sections (7 lm) were made in a cryostat, and the slides were stored at À808C until immunohistochemistry.
GCNA1 Staining of Germ Cells for Laser Capture Microdissection
We used rat monoclonal anti-germ cell nuclear antigen 1 (GCNA1), kindly provided by Dr. George Enders (University of Kansas Medical Center, Kansas City, KS), as a marker for microdissection of spermatogonia from 5-day-old neonatal testes [23] . GCNA1 was used because of its high specificity, which allowed for a short incubation time during the staining process. Testes sections were thawed for 30 sec and stained with GCNA1 antibody for 3 min, immediately followed by incubation with Alexa Fluor 488 anti-rat secondary antibody (Invitrogen) for 30 sec. Sequential dehydration was performed (70% ethanol for 30 sec, 95% ethanol for 30 sec, and 100% ethanol for 1 min), followed by placement in histological grade xylene for 1 min [24] . Tissue sections were then immediately transferred for laser capture microdissection (LCM).
LCM and RNA Extraction
The LCM was performed at the core facilities of the Institute for Genomic Biology at the University of Illinois at Urbana-Champaign. Microdissection and capture of spermatogonia were done on an Arcturus Veritas microdissection instrument (MDS Analytical Technologies, Sunnyvale, CA). Approximately 100 cells were collected from every sample. The parameters used for LCM were 5-lm spot size, 50-mW power, and 10-msec pulse duration. Total RNA from the captured spermatogonia was isolated with the PicoPure RNA Isolation kit (Arcturus Veritas; MDS Analytical Technologies) according to the manufacturer's instructions. RNA quantity was measured by using the 
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NanoDrop system (NanoDrop Technologies, Wilmington, DE). Real-time PCR was performed as already described.
Enumeration of Type A Spermatogonia and Measurement of Daily Sperm Production
For type A spermatogonial counts, the testes were embedded in glycol methacrylate, and sections were stained with PAS-hematoxylin. Type A spermatogonia were identified as spermatogonia if they had one flattened surface resting on the basal lamina and no heterochromatin. Sertoli cells were identified by their characteristic tripartite nucleolus. The numbers of type A spermatogonia and Sertoli cells in 80-100 seminiferous tubules in 17-day-old WT and Etv5 À/À testes (n ¼ 3) were counted, and data are presented as the number of type A spermatogonia/Sertoli cells. For daily sperm production (DSP), WT and Etv5 À/À testes (n ¼ 4) were homogenized for 3 min in 10 ml of physiological saline containing 0.05% (v/v) Triton X-100 (Sigma-Aldrich) using a Semi-Micro Waring blender (Waring, Torrington, CT). Two hundred microliters of homogenate was diluted with 300 ll of saline and 500 ll of 4% trypan blue; the stained spermatids were counted using a hematocytometer, and DSP was estimated as described previously [25] .
Statistical Analysis
Data were analyzed using Student t-test and are presented as the mean 6 SEM except for the LCM experiment, in which paired t-test was used. Differences were considered significant at P , 0.05. Statistical analysis was performed using GraphPad Prism 4.0 (GraphPad Software Inc., San Diego, CA) or Microsoft Excel (Microsoft, Redmond, WA).
RESULTS
ETV5 Expression During Testicular Development
Etv5 mRNA was expressed in WT testis at the earliest age examined (birth), and the level was comparable to that in adult (120-day-old) testis and approximately half of that in brain, which have the highest known expression of Etv5 mRNA expression in mice (Fig. 1A) . The finding of Etv5 mRNA in neonatal testis led us to investigate ETV5 expression by immunohistochemistry during late fetal and early neonatal life. At Fetal Day 16, ETV5 expression was detected only in Sertoli cells of seminiferous cords, and gonocytes were negative for ETV5 expression (Fig. 1B) . At Postnatal Day 0, Sertoli cells and a subpopulation of gonocytes stained positive for ETV5 (Fig. 1C) , indicating ETV5 expression by both cell types at this age. Similar ETV5 staining in Sertoli cells and a subpopulation of gonocytes/spermatogonia was seen at Postnatal Day 4 (Fig.  1D) . The number of gonocytes/spermatogonia positive for ETV5 ranged from 50%-65% at these neonatal time points.
Etv5
À (Fig. 3) . Progressive reductions were seen until Postnatal Day 24, when Ret mRNA expression was only 10% of that seen in age-matched WT controls (Fig. 3) . Real-time PCR analysis on microdissected spermatogonia from Postnatal Day 5 Etv5 À/À and WT testes also showed decreased levels of Ret mRNA (Fig. 4) , indicating that the decrease in RET represented decreased expression in individual cells rather than simply a decrease in spermatogonial stem/progenitor cell 
À/À Spermatogonia Have Decreased Proliferation
In Vitro
We investigated the ability of Etv5 À/À spermatogonia to proliferate in vitro in the presence of GDNF, FGF2, and the soluble receptor GFRA1. The ability of neonatal Etv5 À/À spermatogonia to produce colonies was significantly reduced compared with than of WT germ cells (Fig. 6) at the same age. In addition to a significantly lower colony number, the size of these colonies was greatly decreased in Etv5 À/À cultures. The WT germ cell proliferation frequently resulted in large colonies (Fig. 7A ), which were never observed in Etv5 À/À germ cell cultures (Fig. 7B) . Decreased proliferation in Etv5 À/À vs. WT germ cell cultures was more pronounced in groups exposed to GDNF or GDNFþGFRA1þFGF2, likely a result of the more robust WT germ cell proliferation under these conditions.
Proliferation of Etv5
À/À Spermatogonia In Vivo
Is Decreased
We evaluated the proliferation of Etv5 À/À spermatogonial stem/progenitor cells in Postnatal Day 8 testes. Consistent with the in vitro data, proliferation was significantly reduced (Fig.   8 ), again indicating that ETV5 is necessary for normal spermatogonial proliferation.
Etv5
À/À Testes Have Decreased Type A Spermatogonia and DSP
The number of type A spermatogonia was significantly reduced in Etv5 À/À mice at Postnatal Day 17 (Fig. 9) . Similarly. the DSP was significantly decreased by 60% in Etv5 À/À mice at Postnatal Day 30 (Supplemental Fig. S1 available at www. biolreprod.org), indicating that reduced proliferation of Etv5 À/À spermatogonial stem/progenitor cells results in decreased numbers of cells in later stages of spermatogenesis during the first wave.
DISCUSSION
The ets proteins have roles in many biological processes, including cell proliferation, differentiation, apoptosis, immune response and oncogenic transformation, lung development, and epithelial-mesenchymal interactions [26] [27] [28] . In the murine lung, ETV5 has been localized in type I and type II epithelial cells and has been shown to regulate surfactant protein C and caveolin 1 [29, 30] . In mouse ovary, ETV5 is expressed in granulosa cells and cumulus cells and up-regulates the expression of cyclooxygenase 2, a rate-limiting enzyme for prostaglandin synthesis [31] . ETV5 is expressed by subsynaptic nuclei at the neuromuscular junction and has a role in synapse assembly and function [32] . ETV5 has been implicated in the progression and metastasis of human breast and endometrial carcinomas [33] .
ETV5 was previously shown to be necessary for maintenance of SSCs. Chen et al. [6] reported the total loss of adult germ cells in Etv5 À/À mice following the first wave of spermatogenesis. In adult mice, ETV5 was initially reported in Sertoli cells but not in germ cells. However, Oatley et al. [16] subsequently reported Etv5 mRNA expression in SSCs following long-term culture and Etv5 mRNA and protein expression in spermatogonia in vivo at Postnatal Day 8 [17] .
Our recent analysis revealed that, although GFRA1-positive spermatogonial numbers were initially similar in developing WT and Etv5 À/À testes (Postnatal Day 4), their loss begins by the end of the first postnatal week [7] . These results indicated that ETV5 expression might be present and critical for SSC maintenance in Sertoli cells, germ cells, or both before Postnatal Day 8, the earliest age at which ETV5 expression has been documented [6, 17] . In the present study, we characterized the temporal and cellular expression of ETV5 during the perinatal period in the testis. Our results indicate that testicular ETV5 expression is present as early as late fetal life and that ETV5 shows a staggered ontogeny in different cell types of the testis.
FIG. 4. GCNA1-stained microdissected spermatogonia from 5-day-old Etv5
À/À testes have decreased levels of Ret mRNA relative to those of WT controls (n ¼ 6). Data are presented as the mean 6 SEM. *Significantly different at P , 0.05.
FIG. 5. RET immunohistochemistry in WT and Etv5
À/À testes (n ¼ 4). The intensity of RET staining per spermatogonia is markedly reduced in Etv5 À/À testis (B), although the numbers of cells staining for RET (arrows) are comparable to those of the WT testis (A). Insets are higher magnification of spermatogonia showing differences in staining intensity. Bar ¼ 50 lm (10 lm in insets).
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ETV5 expression was present in Sertoli cells on Fetal Day 16, the earliest time point examined. In contrast, gonocytes were negative in Fetal Day 16 testis. At birth (Postnatal Day 0), Sertoli cells remained immunopositive for ETV5, but by this age a subpopulation of gonocytes was also positive. Real-time PCR data were consistent with immunohistochemistry showing significant amounts of Etv5 mRNA in whole testis and spermatogonial stem/progenitor cells (data not shown) from neonatal mice, although testicular Etv5 mRNA concentrations were lower in the neonatal period than in the adult period. Etv5 mRNA expression continues into the juvenile period, although by Postnatal Day 12 the expression levels are sharply reduced compared with those of neonatal testes. This is consistent with previous work in which ETV5 expression could not be detected in seminiferous epithelium of 2-wk-old mice containing the ETV5 gene linked to a b-galactosidase reporter [6] . The mechanisms responsible for the initial production of Sertoli cell ETV5 prenatally and the onset of germ cell ETV5 expression during the neonatal period, as well as the factors responsible for the decrease seen in the late preweaning period, are unclear.
Thus, it appears that germ cells and Sertoli cells could be important sites of ETV5 synthesis and function during the neonatal period of rapid testicular growth and establishment of the first wave of spermatogenesis. The production of ETV5 in fetal Sertoli cells suggests that this protein may be important even before birth in these cells. Although we confirmed that germ cells express ETV5, the exact spermatogonial population in which ETV5 is expressed remains to be determined. Our immunohistochemical data showing ETV5 expression at Postnatal Day 0 indicate that spermatogonial stem/progenitor cells likely express ETV5. In addition, we were unable to consistently find expression in germ cells of juvenile and adult testes, which could be due to ETV5 expression being limited to spermatogonial stem/progenitor cells, which are scarce. However, these data are inconsistent with a previous study [17] in which all spermatogonia lining the basement membrane were found to be positive in adult mouse testis, and more investigation is needed in this area. In addition to Sertoli cells and germ cells, Leydig cells were also ETV5 positive. The significance of ETV5 in Leydig cells is not yet apparent, and testosterone levels [6] were not found to be significantly different from those in the WT mice.
The expression of ETV5 in spermatogonial stem/progenitor cells raises the important question of whether ETV5 in these cells is essential for their maintenance or whether the loss of SSCs in Etv5 À/À mice might totally be due to impaired function of Sertoli cells in these animals. We used the germ cell transplantation technique to directly determine whether ETV5 in SSCs is required for establishment of spermatogenesis in W/ W v mice testes, which lack endogenous spermatogenesis. Our results show that qualitatively normal spermatogenesis was established when neonatal WT germ cells were transplanted into W/W v mice testes. In contrast, transplanted neonatal Etv5 À/À germ cells failed to produce spermatogenesis in any host mice. It is unclear from these results whether this was due to an inability of the grafted Etv5 À/À germ cells to normally home into the SSC niche established by the Sertoli cells and/or an inability of the Etv5 À/À germ cells to proliferate normally once they had entered the niche to establish spermatogenesis. However, these results clearly show that ETV5 is necessary for grafted germ cells to establish spermatogenesis in host animals, and the loss of ETV5 in neonatal germ cells may contribute to the loss of spermatogenesis in developing Etv5 À/À testis. Previous findings by Oatley et al. [17] have shown that a 60% knockdown in Etv5 mRNA by short interfering RNA technology led to decreased SSC colony formation in vitro. We estimated the proliferation of spermatogonial stem/progenitor cells in WT and Etv5 À/À testes to determine whether proliferation of spermatogonia is obligatorily dependent on ETV5. Our analysis indicated that loss of ETV5 reduces but does not eliminate spermatogonial proliferation in vivo as assessed by expression of the proliferation marker MKI67. Similarly, the in vitro proliferative capacity of WT spermatogonial stem/progenitor cells was markedly greater than that of a similar population isolated from Etv5 À/À testes under a variety of culture conditions. These data indicate that ETV5, although not obligatory for proliferation of spermatogonia, is essential for a normal rate of self-renewal in vivo and in vitro. Using TUNEL staining, we also confirmed (consistent with our previous report [6] ) that apoptosis was not the cause of SSC loss in neonatal Etv5
À/À testes (data not shown).
FIG. 7. Neonatal Etv5
À/À (B) spermatogonia produce markedly smaller colonies than WT (A) cultures. Cells were cultured in the presence of GDNF, GFRA1-Fc fusion protein, and FGF2. Bar ¼ 25 lm.
FIG. 6. Etv5
À/À spermatogonia showed decreased proliferation in vitro. The WT and Etv5 À/À spermatogonia were cultured for 6 days in various combinations of GDNF, GFRA1-Fc fusion protein, and FGF2, and the number of proliferating colonies was counted. Data are expressed as the mean 6 SEM. *Significant difference between the WT control and corresponding Etv5 À/À culture (P , 0.05).
Proliferation of Etv5
À/À spermatogonia in vitro was reduced even in the presence of high levels of GDNF, the major growth factor responsible for SSC proliferation and self-renewal in vitro [15, 34] . These results suggested a decreased ability of Etv5 À/À spermatogonia to respond to GDNF stimulation and indicated that one or more components of the GDNF/RET/ GFRA1 signaling pathway could be altered in Etv5
GDNF is produced by Sertoli cells and then acts through the RET/GFRA1 receptor complex on SSCs to stimulate SSC selfrenewal. GDNF mRNA production was comparable in Sertoli cells from WT and Etv5 À/À testes, indicating that impaired GDNF production was not the cause of SSC loss in Etv5 À/À testes [6] . This is consistent with our in vitro data showing impaired proliferation of spermatogonial stem/progenitor cells from Etv5 À/À testes even in the presence of high concentrations of GDNF and GFRA1. In addition, no differences in staining intensity of GFRA1 were observed between WT and Etv5 À/À spermatogonial stem/progenitor cells by Schlesser et al. [7] in seminiferous tubule whole mounts, suggesting that GFRA1 is also not directly influenced by ETV5.
In striking contrast to the lack of effect on GDNF and GFRA1 in Etv5 À/À testes, Ret mRNA expression was sharply reduced in Etv5 À/À testes. This may represent a key role in overall decreased self-renewal and proliferation of Etv5 À/À spermatogonial stem/progenitor cells and would explain the inability of these cells to respond normally to GDNF. Like GDNF, RET is essential for SSC self-renewal in the testis, and Ret À/À testes lose all SSCs [8] . Ret mRNA was decreased in Etv5 À/À testes compared with WT testes as early as Postnatal Day 4, and these decreases become more pronounced with age.
Spermatogonial stem/progenitor cell loss in Etv5 À/À testes begins during the first postnatal week [7] . Therefore, it is essential to establish whether the observed decreases in Ret mRNA postnatally in Etv5 À/À testes do indeed reflect decreased Ret mRNA expression in individual spermatogonial stem/progenitor cells and not merely a decrease in spermatogonial numbers.
To differentiate between these two possibilities, we used LCM to obtain RNA samples from individual spermatogonia, and we examined RET expression by immunohistochemistry. Although GCNA1 does not specifically label spermatogonial stem/progenitor cells, it allowed us to obtain an enriched population of neonatal spermatogonia (Postnatal Day 5). Our LCM results indicate that Ret mRNA expression is decreased in RNA samples obtained from Etv5 À/À spermatogonia. This suggests that the decreased Ret mRNA in the Etv5 À/À testes results from decreased expression of Ret mRNA per spermatogonium. This conclusion is supported by RET immunohistochemistry. There was a marked decrease in staining intensity of RET-positive spermatogonia by Postnatal Day 8 in Etv5
testes. These data suggest that RET expression in spermatogonia may be directly or indirectly regulated by ETV5.
This conclusion is also consistent with analysis of the patterns of the decreases in RET expression vs. the decrease in spermatogonial stem/progenitor cell numbers. For example, Ret mRNA was down 40% at Postnatal Day 4, although spermatogonial stem/progenitor cell numbers in WT and Etv5 À/À testes are equal at this age [7] . Similarly, at Postnatal Day 12, spermatogonial stem/progenitor cell numbers in the Etv5 À/À testes were down 37%, but Ret mRNA was down 75%. This suggests that, although there is a progressive loss of spermatogonial stem/progenitor cell numbers postnatally in the Etv5 À/À testes, the decrease in Ret mRNA precedes the onset of spermatogonial stem/progenitor cell loss and the decrease in Ret mRNA at later ages is greater than the magnitude of spermatogonial stem/progenitor cell loss. This is supported by the LCM data presented herein that Ret mRNA per spermatogonium is significantly reduced during the neonatal period. Similarly, immunohistochemistry indicates decreased RET expression per spermatogonium. Decreased RET expression could result in impaired GDNF/RET/GFRA1 signaling, lead to the loss of SSCs in Etv5 À/À mice, and have a major role in the eventual Sertoli cell-only phenotype of these animals.
There is indirect evidence that Ret gene expression could be under direct control of ETV5. The murine RET promoter (GenBank accession No. AY255629) contains multiple ETSbinding motifs (ggaa) [35] . ETV5 may also regulate expression of germ cell RET indirectly by influencing expression of other genes. Another possibility is that RET is regulated in a paracrine manner by Sertoli cell factors induced by ETV5 in these cells. Indeed, Batourina et al. [36] have shown that RET expression in ureteric bud is regulated by retinoic acid-induced expression of an unknown gene or genes in surrounding stromal cells.
During the first wave of spermatogenesis, Sertoli cells and germ cells are actively dividing, as this early expansion of À/À testes relative to that in WT testes (n ¼ 3 for both groups). *Significant difference (P , 0.05).
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Sertoli cells establishes the maximum testis size and adult sperm production [37] . Although initial results showed the presence of first-wave spermatogenesis in Etv5 À/À testes [6] , the sharply decreased proliferation of spermatogonial stem/ progenitor cells from Etv5 À/À testes in vitro and in vivo implies that there would be decreased numbers of SSCs and subsequently later stages of spermatogenesis in the Etv5 À/À testes. To directly test this hypothesis, we quantitated type A spermatogonia and DSP during the first wave of spermatogenesis. Our results indicate that there were decreases in type A spermatogonia accompanied by decreased DSP during juvenile life. Thus, Etv5 À/À testes have a quantitatively impaired first wave of spermatogenesis due to decreased proliferation of the spermatogonial stem/progenitor cells and subsequent decreases in more differentiated progeny. Whether impaired germ cell proliferation at stages later than spermatogonial stem/progenitor cells could contribute to this decreased number of differentiated germ cells during the first wave is not directly addressed by the present data but could also be a factor.
In conclusion, ETV5 expression begins in fetal Sertoli cells and is expressed in Sertoli cells and spermatogonia during perinatal development. Germ cell ETV5 is essential for establishment of ongoing spermatogenesis. Proliferation was reduced in Etv5 À/À germ cells in vitro and in vivo, and the first wave of spermatogenesis is quantitatively reduced. This appears to result from impairment in the GDNF/RET/GFRA1 signaling pathway as a result of decreased RET expression. These results provide mechanistic insights into the role of ETV5 in neonatal SSC self-renewal and establishment of overall spermatogenesis.
